Highly sensitive ion detection using Si single-electron transistors
Si single-electron transistors ͑SETs͒ were used for highly sensitive ion detection. A multiple-island channel structure was adapted in the SET for room-temperature operation. Clear Coulomb oscillation and diamonds were observed at room temperature. Using the Coulomb oscillation, clear pH responses of drain current ͑I d ͒-gate voltage ͑V g ͒ characteristics were obtained despite the existence of I d noise. Because Coulomb oscillations have a possibility to increase the slope of I d over V g near the half-maximum current of the peaks, high resolving power of ion, and/or biomolecule concentration can be expected. A Si-structure will make it possible to integrate the sensors on a single chip. © 2011 American Institute of Physics. ͓doi:10.1063/1.3569148͔
The detection and quantification of chemical and biological species are central to many areas of healthcare and the life sciences, ranging from the diagnosis of disease to the discovery of new drug molecules. Field effect transistors ͑FETs͒ are sophisticated devices used for the detection of charged molecules.
1 Ion-sensitive FETs change their electrical characteristics in response to the concentration and type of ions present in aqueous solutions on the gate insulator surface. Furthermore, biosensors, and biochips based on FETs have recently been developed for the detection of DNA, proteins, and viruses. [2] [3] [4] [5] [6] [7] [8] [9] These methods are used to measure changes in charge accompanied by specific molecular recognition events on the gate insulator surface of FETs. High sensitivity in detecting target ions or biomolecules has been obtained using nanowire channels in FET sensors. [9] [10] [11] However, FET sensors with even higher sensitivity in detecting targets are preferable, especially in dilute solutions of targets, where large noise exists in the drain current ͑I d ͒-gate voltage ͑V g ͒ characteristics. Therefore, we have proposed a FET sensor utilizing a single-electron transistor ͑SET͒ for highly sensitive ion and/or biomolecule detection. High resolving power of ions and/or biomolecule concentration can be expected using Coulomb oscillation. Since roomtemperature operation is necessary for ion and/or biomolecule sensing, a multiple-island system is effective for SETs. Moreover, a Si-structure is important since we can use existing large scale integration ͑LSI͒ technology in the fabrication, and the fabricated FET sensors can be integrated on a single chip for simultaneous detection and quantification of various ions and/or biomolecules. Therefore, in this study, we fabricated a Si SET sensor with multiple islands for highly sensitive pH detection ͑one type of ion detection͒ and demonstrated its fundamental electrical characteristics.
We fabricated a one-dimensional array of nanoscale islands in a silicon-on-insulator ͑SOI͒ layer by using electron beam lithography. There were 11 islands, and the channel length was 3 m. We used a p-type ͑B doped͒ SOI ͑100͒ wafer ͑13.5-22.5 ⍀ cm͒. No channel doping was performed. The device fabrication process is as follows. After the etching of the island array with an electron cyclotron resonance etcher using the resist pattern as a mask, subsequent isotropic wet etching in an NH 4 OH/ H 2 O 2 / H 2 O solution 12 was carried out to reduce the dimensions of the array ͓Fig. 1͑a͔͒. Next, the oxidation was carried out to further reduce the size of the islands and the width of the wire regions, which act as tunnel barriers for electrons. The final island size and wire width was about 50 nm and 30 nm, respectively. The final thickness of the top-Si was about 18 nm. After the source and drain areas were formed by ion implantation of As + at 30 keV with a dose of 4 ϫ 10 15 cm −2 , we fabricated Si 3 N 4 / SiO 2 stacked gate insulators as follows. A layer of SiO 2 about 9 nm thick was thermally grown at 850°C in a dry atmosphere followed by the deposition of about 36 nm thick Si 3 N 4 by lowpressure chemical vapor deposition at 750°C.
A schematic diagram of our measurement system is shown in Fig. 1͑b͒ . A fluidic channel was made of polydimethylsiloxane ͑PDMS͒. The volume of the cell was as follows: the size of the fluidic channel on the FET was approximately 3 mmϫ 1 mmϫ 100 m ͑lengthϫ widthϫ height͒. The entire area of the SET including the Al pad electrodes a͒ Author to whom correspondence should be addressed. Electronic mail: anakajima@hiroshima-u.ac.jp.
FIG. 1. ͑Color online͒ ͑a͒
Scanning electron micrograph ͑SEM͒ of the channel region of the fabricated Si SET with 11 islands after dry and wet etching. The dark area is due to a long time high resolution SEM observation. ͑b͒ Schematic diagram of measurement system. ͑0.25 mm 2 ͒ was 1.2 cm 2 . The joining surface of the PDMS was modified by O 2 plasma treatment and then attached to the SET. An Ag/AgCl reference electrode was used to control the V g of the SET through a buffer solution. The electrical characteristics were measured using a semiconductor parameter analyzer ͑B1500A, Agilent͒.
First, we investigated the electrical characteristics of the fabricated SET under the absence of buffer solutions on the Si 3 N 4 / SiO 2 stacked gate insulators. In this measurement, the gate voltage was applied through the backside of the device ͑Si substrate of the SOI wafer͒. Fig.  2͑a͒ correspond to the constricted parts in Fig. 2͑b͒ . Therefore, room-temperature SET operation was confirmed for the fabricated devices. The high temperature operation is thought to have been achieved due to a serially connected multipleisland system as discussed later. Figure 3 plots the I d versus V g characteristics at a V d of 1 mV for three different buffer solutions: 50 mM phthalate, pH 4; 50 mM phosphate, pH 7; and 10 mM tetraborate, pH 9. In this measurement, the reference electrode in the buffer solutions was used as a gate while keeping V bg = 0 V. We confirmed a linear relationship between the solution potential and V g ͑0 Ͻ V g Ͻ 2 V͒ with a slope close to one, indicating no electrochemical reactions took place in solution at the V g range. The flow rate of the solutions was 0.1 l / min. The buffer solution was changed from pH 4 → 7 → 9 → 7 → 4 to confirm the reproducibility of the pH response. For every pH change, I d -V g measurements were carried out three times to investigate the stability under a constant pH. Both in the increase in pH ͑pH 4→ 7 → 9͒ and the decrease in pH ͑pH 9→ 7 → 4͒, the I d -V g curves for the same pH coincide well. The small hysteresis ͑threshold voltage shift less than 5 mV͒ insures the high resolution pH detection. As can be seen in the figure, a clear Coulomb oscillation peak was observed for each pH value. The peak position varied with the pH of the buffer solution. For V g Ͼ 2 V, we did not carry out measurements due to the large leakage currents between the reference electrode and backgate ͑typically about 3 nA at V g =2 V͒. Because there was no peak in Coulomb oscillation for V g Ͻ 0 V in Fig. 3 , this peak is assumed to correspond to the first peak of Coulomb oscillation ͑around 4 V of V bg ͒ in Fig. 2͑a͒. A summary of the pH response characteristics of the SET is plotted in Fig. 4 . Because there is some noise in the measured I d -V g curves in Fig. 3 , each measured I d -V g curve of Coulomb oscillation was fitted using a least-squares pro- gram, and the V g values were obtained at the left side halfmaximum current of each fitted curve in order to precisely evaluate the pH sensitivity. The obtained V g value ͑V g half ͒ was shifted in the positive ͑negative͒ direction as the pH of the buffer solution was increased ͑decreased͒. The slope of the calibration curve ͑V g half versus pH curve͒ is about 44 mV/ pH, which agrees well with previous experimental results ͑46-56 mV/ pH͒. 13 The slight difference in our experimentally obtained value and the theoretical value ͑58 mV/ pH, 20°C͒ may be due to the oxygen content in the Si 3 N 4 layer. 13 These results show that reproducible pH responses were obtained with the fabricated SET.
The possible advantage of using SETs as ion and/or biomolecule sensors is as follows. In an SET, Coulomb oscillations with a symmetry shape and the same peak height appear when the barrier conductance is constant in the whole V g regions according to the orthodox theory.
14 However, when the dependence of barrier conductance on V g exists, Coulomb oscillations are modulated and weighted by the variation in the barrier conductance. Therefore, if the barrier conductance increases with V g , it is possible that the final slope of I d over V g in the SET becomes larger than that of the barrier itself. Especially in SETs with barriers consisted of semiconductor nanowires with low doping level, this situation can occur and the slope can be larger than that of the nanowire itself. In such a case, the largest slope can be obtained around a V g near the left side half-maximum current of the peaks in SETs. Under conditions where large I d noise exists, the larger slope of I d over V g leads to a better resolving power of ion and/or biomolecule concentration. Also, there is an advantage of utilizing SETs to evaluate the target concentration value from only the change in I d at V g =0 V. In this case, there is a merit that it is not necessary to sweep V g for searching a threshold voltage ͑V th ͒. For that purpose, conventional metal-oxide-semiconductor field-effect transistors with highly doped channel were generally used in accumulation to measure the I d change at a fixed V g of 0 V for the pH detection. However, in accumulation highly doped channel shows the metal like conduction: the slope of I d over V g is small. Accordingly, it is difficult for V th change with a small pH change to be detected if relatively large I d noise exists, leading to the difficulty in high resolution pH detection. Instead, if we use an SET pH sensor with highly doped channel region including Coulomb islands and barriers, high resolution pH detection becomes possible due to the Coulomb oscillation: the slope of I d over V g becomes larger. This leads to the merit of high resolution pH detection without sweeping V g .
For ion and/or biomolecule sensing, room-temperature operation is strongly required. To achieve room-temperature operation of an SET with a single island, the island, and junction sizes should be reduced to less than 10 nm in order to reduce the total capacitance. 15 However, it is difficult to fabricate such structures reproducible by using currently available LSI fabrication techniques. One way to overcome the difficulty is to utilize serially connected islands instead of a single island. In such a multiple-island system, the effective total capacitance of each island decreases compared with that in a single-island system because the junction capacitances are connected in series. 15, 16 This leads to an increase in the charging energy of each island and to an increase in the operation temperature. In other words, to enable roomtemperature operation, a multiple-island system can use a larger island than that used by a single-island system. Moreover, SETs with serially connected islands can suppress cotunneling, 17 which increases the valley current of Coulomb oscillation and prevents higher temperature operation. 18 To date, we have applied an SET with multiple islands connected in series to an exclusive-OR ͑XOR͒ circuit, which achieved room-temperature operation. 19 Therefore, we used the multiple-island system to realize room-temperature operation of an SET for highly sensitive pH sensing in this study. In fact, we were not able to obtain Coulomb oscillations at room-temperature in SETs with a single-island system in this study.
In summary, we fabricated a Si SET with multiple islands for pH sensors integrated on a single chip. Clear Coulomb oscillations and Coulomb diamonds were confirmed at room temperature. Clear pH responses of I d -V g characteristics were obtained by using Coulomb oscillations despite the existence of I d noise. The slope of the calibration curve was 44 mV/ pH. Because Coulomb oscillations have a possibility to increase the slope of I d over V g near the half-maximum current of the peaks, a Si SET sensor with multiple islands is promising for future high sensitivity ion and/or biomolecule sensors integrated on a single chip.
